Shape selectivity: Different nanostructured MnO 2 materials were prepared by adjusting the synthesis conditions. When used as a support for gold oxidation catalysts it was found that α-MnO 2 spherical agglomerates performed the best in the liquid phase oxidation of benzyl alcohol, whereas β-MnO 2 nanowires performed better for gas phase CO oxidation.
Introduction
The selective oxidation of alcohols to their corresponding aldehydes is an important process.
Aldehydes are valuable compounds as intermediates in chemical synthesis as well as in the perfumery industry. [1] [2] [3] However, the commercial production of aldehydes tends to use oxygen donors, such as chromate or permanganate, that can be expensive and toxic. [4] [5] [6] [7] [8] In view of the recent focus on atom efficiency and environmental impact, it would be highly desirable to find alternative methods to oxidize the alcohol moiety. One alternative approach is to use a catalyst in the presence of oxygen under solvent-free reaction conditions. In this respect the oxidation of alcohols to aldehydes represents a demanding target reaction.
There has been considerable interest in using supported gold nanoparticles as oxidation catalysts. Gold was for many years considered to be an unreactive metal for catalysis. However, studies involving carbon monoxide oxidation and acetylene hydrochlorination [9, 10] have shown that supported gold nanoparticles can be highly effective catalysts. Subsequently, nanoparticulate gold catalysts have attracted significant attention due to their distinctive catalytic properties. Gold catalysts have been reported to perform well for many chemical reactions such as CO oxidation, [9] direct synthesis of hydrogen peroxide from oxygen and hydrogen, [11] [12] [13] [14] the water gas shift reaction, [15] epoxidation of olefins, [16, 17] selective oxidation of alcohols [8, [18] [19] [20] and total oxidation of hydrocarbons. [21] The catalytic performance of gold catalysts essentially relies on the size of the constituent gold particles.
Nevertheless, there are other factors that can inherently affect the catalyst activity such as gold oxidation state, the synthesis method and the choice of support. With supported gold catalysts, the structure and the morphology of the support can play a major role in the catalyst performance. [22] The support morphology can influence the catalyst activity as it can affect parameters such as the gold particle size, [23] [24] [25] [26] the metal-support interaction, [24] [25] [26] [27] [28] [29] the exposure of more reactive planes that are rich in oxygen, [30] [31] [32] and the dispersion and reducibility of gold catalysts. [33] [34] [35] Recently, we illustrated that gold is more active for the solvent-free oxidation of benzyl alcohol when supported on ceria foam due to the facile reduction of its surface compared to more conventionally synthesised ceria. [36] In this work, MnO 2 was synthesised hydrothermally according to the method of Yang et al. [37] which involves the oxidation of hydrated manganese sulfate MnSO 4 .H 2 O with ammonium persulfate (NH 4 ) 2 S 2 O 8 at 120 °C. In a related study Subramanian et al. [38] reacted aqueous solutions of MnSO 4 .H 2 O with KMnO 4 at 140 °C and found that the morphology changed from plate-like to nano rods as the hydrothermal treatment time was increased. We have now applied this logic to the method of Yang et al. and synthesised a series of MnO 2 materials, which have subsequently been evaluated as a support for Au nanoparticles. Furthermore the catalytic activity of these materials was investigated for the solvent-free oxidation of benzyl alcohol and gas phase CO oxidation.
Experimental Section
Synthesis of MnO 2 : MnO 2 supports were synthesised according to the method of Yang et al. [37] Hydrated manganese sulfate MnSO 4 Synthesis of the gold sol and the supported gold catalysts: Gold nanoparticles were supported on the MnO 2 materials (1%Au/MnO 2 ) using the following methods. (mol/mol) = 5) was then added to form a red Au sol. After 30 min of sol generation, the colloid was immobilized by adding MnO 2 (0.99g) (acidified to pH 1 using sulfuric acid) under vigorous stirring.
After 2 h the slurry was filtered, washed thoroughly with distilled water and dried (110 °C,16 h). All sol-immobilised catalysts were subsequently water treated according to the method of Lopez-Sanchez et al. [39] Typically, the catalyst (0.4 g) was placed in a round bottom flask and water (100 mL) was added into the flask. This flask was connected to a reflux condenser and placed in an oil bath which was heated at 90 °C for 1 h. The slurry was filtered and washed thoroughly with distilled water (800 mL) and dried (110 °C, 16 h).
(ii) Impregnation method ( Oxidation of benzyl alcohol: Benzyl alcohol oxidation reactions were carried out in a glass Colaver reaction vessel (50 mL) at a constant pressure of oxygen (1 barg unless otherwise stated). Typically, the vessel was charged with benzyl alcohol (2 g) and catalyst (Au/MnO 2 , 20 mg, unless otherwise stated).
The vessel was then purged 5 times with oxygen. The vessel was then heated to 120 °C under stirring for 4 h. Analysis of the products was carried out using a GC (Varian Star 3400 CX with a 30 m CPWax 52 CB column) equipped with an FID. Quantification was carried out using mesitylene as a standard and the products were identified by comparison with commercially obtained pure samples.
Oxidation of carbon monoxide: Catalyst samples were evaluated for CO oxidation using a fixed-bed laboratory microreactor operated at atmospheric pressure. Typically CO (5000 ppm in synthetic air) was fed to the reactor at a controlled rate of 20-40 mL/min using mass flow controllers and passed over the catalyst (25-100 mg). The catalyst temperature was maintained at 30 °C by immersing the quartz bed in a thermostatically controlled water bath. The products were analysed using online gas chromatography (Varian 3800 with a 1.5 m packed carbosieve column) equipped with a TCD. The space-time yield (g CO2 /kg CAT /h) was calculated from the CO conversion after 140 min time online.
Catalyst characterization: Powder X-ray diffraction (XRD) was performed using a PANalytical X'Pert Pro diffractometer fitted with an X'Celerator detector using a CuK α X-ray source operated at 40 [37] with different crystallization times ranging from 6 h to 240 h. X-ray diffraction showed that although all materials were comprised of crystalline MnO 2 , two different phases were present (Fig. 1 ). For MnO 2 samples crystallised for 6-24 h, the major phase present was α-MnO 2 with a small amount of the γ-phase. [37, 40] However, when the crystallization time was increased above 24 h, β-MnO 2 [40] was predominantly formed and this remained stable for all of the longer crystallization times investigated (72-240 h). The morphology of the MnO 2 samples changed significantly with the crystallization time (Fig. 2) . For 6 to 12 h crystallization times the thin MnO 2 crystallites were ordered into spherical structures reminiscent of sea urchins. However, at 24 and 48 h these spheres started to collapse exhibiting cracked shell-like structures which evolved to a needle or nanowire structure at longer crystallization times (72-240 h). The surface areas and average micropore diameters of the materials are shown in Table 1 for all the MnO 2 supports and their corresponding Au/MnO 2 catalysts. It is apparent that the samples obtained after 6 and 12 h crystallization have the highest surface areas. The surface area was found to markedly decrease as the crystallization time increased for both the MnO 2 supports and the Au/MnO 2 catalysts. However, the crystallization time had no discernable effect on the average pore diameter. Furthermore, the surface areas increased significantly after adding Au to the MnO 2 -12h and MnO 2 -24h, (i.e. the spherical agglomerates of nanowires) whereas the addition of Au had no effect on from the surface area of the materials crystallized for >48 h (i.e. isolated nanowires). It is apparent from Fig. 3 that adding gold had no observable effect on the support morphology and the SI Au/MnO 2 catalysts.
Oxidation of benzyl alcohol using Au/MnO 2 : The effect of the catalyst synthesis method (IM, SI and DP) on benzyl alcohol oxidation was initially investigated using MnO 2 -12h as the support. It is apparent from Table 2 that under the same conditions, the materials synthesised using the SI method demonstrated the best catalytic performance for the oxidation of benzyl alcohol whereas the IM method catalysts had a very poor performance. Therefore, SI was adopted as the preferred method of synthesis for catalysts used in further detailed testing studies involving benzyl alcohol oxidation.
The results of the oxidation of benzyl alcohol using all the bare MnO 2 support morphologies and their corresponding Au catalysts synthesised by SI, together with those treated with water are presented in Table 3 . The MnO 2 materials without Au were found to be quite active for this reaction, and generally their activity increased as the crystallisation time increased. In particular the α-MnO 2 polymorph synthesised for 6-24 h that has a microsphere agglomerate structure showed lower activity than the more isolated β-MnO 2 needles synthesised for 48-240 h. However, upon Au addition, the activity of those catalysts that have the microsphere agglomerate structure was more active, and it is apparent that the activity trend was now reversed with the catalytic activity decreasing as the synthesis time of the underlying MnO 2 support material increased. For example, the conversion decreased from 8.8 % for the 1% Au/MnO 2 -12h catalyst to 5.4 % for the 1% Au/MnO 2 -240 h catalyst.
Two representative catalyst samples, namely the SI Au/MnO 2 -12h (microsphere agglomerates) and Au/MnO 2 -96h (nanowires), that showed different catalytic performance towards benzyl alcohol oxidation were characterised further by TEM imaging in order to investigate the effect of the substrate morphology on the gold particle size (Fig. 4) . Although the same Au sol was used as the precursor for all the catalysts, the resultant Au particle size varied significantly in the actual catalysts. For the Au/ MnO 2 -12h material, the Au particles were larger (~20 nm) than for the Au/MnO 2 -96h (~5 nm).
Furthermore, the Au particles were more highly dispersed on the MnO 2 -96h material. This suggests that the β-MnO 2 nanowire material is a much more suitable support for Au deposition, due to an enhanced Au-MnO 2 interaction which imparts a greater stability against sintering. It is well known that the morphology of the support can strongly influence the final Au particle size of the catalysts [23] [24] [25] [26] and we recently showed that the same starting Au sol gave larger Au particles when supported on a ceria foam compared to a commercial nanocrystalline ceria. [36] Surprisingly, the Au/MnO 2 -12h sample that exhibited larger Au nanoparticles actually gives a higher activity for the oxidation of benzyl alcohol than the Au/MnO 2 -96h material. Catalysis by gold is very dependent on the Au particle size and factors such as the synthesis method, the choice of support [22] and even the support structure/morphology can play a major role in determining the performance. [23] [24] [25] [26] Although the origin of this higher activity for the Au/MnO 2 -12h catalyst might be attributed to a more optimal combination of Au particle size along with the high surface area of the spherically agglomerated MnO 2 support morphology.
The corresponding catalysts synthesised by the water-treated SI method did not show any improvement in the activity over the SI catalysts. The water treatment was thought to enhance the removal of the PVA that covers the gold nanoparticles. During the benzyl alcohol oxidation the facile removal of PVA ligands from supported gold nanoparticles is achieved by the benzyl alcohol itself, which under reaction conditions acts as an effective solvent for PVA (PVA is soluble in benzyl alcohol at 120 °C).
To confirm this postulate, the 1% Au/MnO 2 -12h catalyst was treated in water and in benzyl alcohol.
The treated catalysts, PVA, the MnO 2 support and a set of PVA-impregnated MnO 2 samples were analysed by laser Raman spectroscopy (Fig. 5a ). It is apparent, from expanding the region between 500
and 750 cm -1 that the band that appears at 576 cm -1 for the support, which is attributed to the Mn-O lattice vibration in MnO 2 , is present in both the water-treated catalysts but is absent in the untreated catalyst (Fig 5b) . Furthermore, this band is visible for the low concentrations of PVA on MnO 2 but decreases as the concentration of PVA increased (Fig. 5b) .
The morphology of the supports also had a slight effect on the product selectivities obtained (Table 3 ).
In general, benzaldehyde was the major product with minor amounts of benzyl benzoate and benzoic acid for the catalysts with the spherical agglomerate morphology while benzaldehyde was the only product observed in case of the catalysts with the more isolated nanowire structure. All of these products originate from oxidation reactions [41, 42] and it should be noted that no toluene or any other non-oxidation products were observed.
The effect of the reaction time on the conversion and selectivity for the SI Au/MnO 2 -12h material is shown in Table 4 . The conversion increased with the reaction time and only benzaldehyde was observed at the beginning of the reaction. However, a minor amount of benzyl benzoate was produced after 4 h of reaction time. This indicates that the partial oxidation of benzyl alcohol is stable at shorter reaction times. However, after an additional 4 h, subsequent oxidation of benzaldehyde occurred which is in-line with our previous observation of the possible origin of the by-products formed during benzyl alcohol oxidation.
[43]
The reusability characteristics of the SI Au/MnO 2 -12h catalyst was also investigated (Table 5) .
Following the standard reaction carried out for a 4 h time period the catalyst was recovered by centrifugation followed by one of two different treatment procedures. In the first procedure, the centrifuged catalyst was washed with solvent (20 ml, ethanol or acetone) and then dried (110 °C, 1 h).
In the second method, the centrifuged catalyst was dried (110 °C, 1 h) without a washing step. The solvent used to wash the centrifuged catalyst prior to drying was found to have a significant effect.
When ethanol was used there was a marked decrease in conversion. Washing with acetone improved the reusability of the recovered catalyst but the conversion still decreased markedly compared to the fresh catalyst. However, when no solvent treatment was used, there was a significant enhancement in the catalyst activity as compared to the solvent treated catalyst with 100 % selectivity to benzaldehyde in all reuse experiments. Electron microscopy comparisons of the catalyst morphology before and after use confirmed that the structures are stable under these conditions (Fig. 7) .
Oxidation of carbon monoxide using Au/MnO 2 : Having tested the catalysts for a liquid phase reaction the catalysts were then investigated in the gas phase for carbon monoxide oxidation. Initially, the Au/MnO 2 -12h catalyst was synthesised using four methods (IM, SI, water-treated SI and DP). Figure 8 shows that under the same reaction conditions, the DP and water-treated SI materials were best for CO oxidation. It is clear that the IM method exhibited a very poor performance in comparison with the other methods. Therefore, the DP and SI (with and without water-treatment) catalysts were selected for more in-depth CO oxidation analysis. Table 6 and Supplemental Figures S1 and S2 show that the activity of the materials derived via the DP synthesis route was found to be slightly better than the water-treated SI method while both of them displayed much higher activity than the untreated SI materials.
The SI catalysts were firstly tested using 100 mg of the catalyst, a 20 ml/min flow rate at a reaction temperature of 30 ºC. The results in Table 6 show that they were not very active and the best catalyst achieved less than 35 % conversion with a space-time yield (STY) of <3 g CO2 /kg CAT /h. However, following the water washing treatment [39] these SI catalysts became very active for CO oxidation under the same conditions. Water-treated 1% Au sol-immobilised on MnO 2 synthesised that has been crystallised for 48, 72, 96, 120 and 240 h all showed 100 % conversion. Hence, the flow rate was doubled to 40 ml/min (Fig. S1b ) in order to determine the relative activities of the catalysts. However, the Au/MnO 2 -72, Au/MnO 2 -96 and Au/MnO 2 -120 catalysts still showed 100 % conversion and it was only when the amount of the catalyst was decreased to 50 mg that it became apparent that the water treated 1% Au/MnO 2 -96h was the best catalyst for CO oxidation with a STY of 15.5 g CO2 /kg CAT /h. The increased activity of the water treated catalysts is clearly due to improved reactant accessibility following the removal of the PVA stabilizer from the catalysts. [39] A similar set of experiments was carried out for the DP series of Au/MnO 2 catalysts (Table 6 and Fig.   S2 ). The DP materials showed comparable trends, albeit with a higher level of catalytic performance, compared to the water treated SI catalysts. From Table 6 it is clear that 1% Au/MnO 2 -96h synthesised by DP exhibited optimal performance displaying 100 % CO conversion, even when the flow rate was decreased to 40 ml/min and the catalyst mass limited to 50 mg (90 % conversion for the corresponding catalyst synthesised by the SI method with water treatment). The conversion of the DP catalyst reached~70 % only when the catalyst mass decreased to 25 mg (Fig. S2b) . The most active DP derived catalyst gave an impressive STY of 21 g CO2 /kg CAT /h.
TEM was used to examine the effect of the synthesis method on the Au particle size distribution. Two catalyst samples (i.e. Au/MnO 2 -96h) that have the same support morphology and phase (β-MnO 2 nanowires) but synthesised by different methods (SI and DP) were characterised by TEM.
Representative micrographs of both catalysts and their corresponding Au particle-size distributions are shown in Fig. 9 that confirms that both methods produced small particles and a high dispersion of Au on the supports. It is apparent that Au nanoparticles in both cases have a narrower particle size distribution with mean values of 2.5 nm and 6.9 nm for the DP and SI methods respectively. The larger mean size exhibited by the SI material is a consequence of the initial size of the Au sol before immobilization, whereas the DP material is not affected by such limitations, allowing access to smaller Au particles.
The presence to the protective PVA ligands that are inherent to the SI synthesis method seem to be an important factor in causing the observed activity difference between the untreated SI and DP catalysts.
However, the DP catalysts still showed improved activity over the water treated SI materials, presumably due to the smaller mean Au nanoparticles formed using the DP method which are well documented to be essential for CO oxidation. [44, 45] For all the catalysts investigated, regardless of their synthesis method, it was found that the catalyst activity increased as the support crystallisation time increased up to 96 h, but then activity decreased slightly for catalysts synthesized beyond 96 h. (Table 6 ). Generally, the preferred support for CO oxidation was β-MnO 2 nanowires, which is the converse of the situation for benzyl alcohol oxidation where α-MnO 2 microspheres were preferred (Table 1) .
TEM was employed to investigate the effect of the morphology of the support on the size of the Au nanoparticles. The SI catalysts Au/MnO 2 -12h (α-MnO 2 microspheres) and Au/MnO 2 -96h (β-MnO 2 nanowires) were investigated as well as the corresponding DP equivalents (Figs. 9 & 10). It is apparent that both SI and DP methods produced large Au nanoparticles ( Fig. 10) when deposited on the α-MnO 2 microsphere structure (MnO 2 -12h) and when deposited on the β-MnO 2 nanowire supports (MnO 2 -96h), the Au nanoparticles were much smaller and more homogeneously distributed (Fig. 9 ). This suggests that the Au/MnO 2 interaction is stronger for the β-MnO 2 nanowires producing a greater stability against sintering and therefore better catalyst activity towards CO oxidation. This result is consistent with previous studies by Haruta et al. [44] and Tana et al. [45] who noted that the CO conversion decreases as the mean size of the Au particles increase. They suggested that the smaller Au particles led to an increased peripheral interface length between the metal and support, providing more effective adsorption of CO on the metal and fast surface reduction with oxygen species provided by the support.
It should also be remembered that the reducibility of the support material is an important factor to consider in CO oxidation. The Au particles can interact with superoxide species to facilitate the oxidation of CO when adsorbed on the metal-support interface. For non-reducible supports (e.g. SiO 2 , Al 2 O 3 , MgO) the activity depends mainly on the size of Au particles as the adsorption of O 2 occurs on the gold particles. [46] MnO 2 , which is intrinsically reducible, is reported to be active for the CO oxidation at relatively high temperatures (> 120 o C). [47] For instance, Xu et al. reported that the α-and β-polymorphs of MnO 2 exhibit significantly different reactivities, with α-MnO 2 nanorods and β-MnO 2 nanorods becoming most active at 130 o C at 170 o C respectively. Interestingly, if these polymorphs were loaded with silver, the Ag/β-MnO 2 was found to be more active than the Ag/α-MnO 2 analogue. [47] These studies demonstrate that both the morphology and crystal structure of the MnO 2 support plays an important role for this reaction. The higher activity of Ag/β-MnO 2 was attributed to the stronger interaction between Ag and MnO 2 support as demonstrated by TPR analysis. [47] To investigate if a similar effect was operating in the present study, TPR analysis was employed to characterise MnO 2 samples that exhibit different morphologies and polymorphic phases, (α-MnO 2 -12h nanowire microspheres and β-MnO 2 -96h nanowires) and have different mean Au particle sizes when incorporated into a Au/MnO 2 catalyst (Fig. 11) . The α-MnO 2 -12h support comprising the microspherical agglomerate of crystallites showed reduction peaks at 380 °C and 530 °C (Fig. 11a) . It is considered that the lower temperature event is due to the reduction of MnO 2 to Mn 3 O 4 , whereas the high-temperature feature can be ascribed to the reduction of Mn 3 O 4 to MnO. [47, 48] However, the reduction temperature was shifted to a significantly lower value, (i.e. 300 °C and 405 °C) upon the addition of gold (Fig. 11b) . Similar trends were found for the β-MnO 2 -96h material having the more isolated nanowire morphology, but with an even greater propensity for reduction as indicated by the presence of the two strong reduction features at 295 and 440 °C (Fig 11c) . The addition of Au to β-MnO 2 -96h increased the degree of reduction even further and although the reduction peak at 440 °C was retained, two further reduction features were present at 240 and 315 °C (Fig. 11d) [47] Evidently, the surface of β-MnO 2 nanowires supporting the smaller diameter Au nanoparticles was more easily reduced compared to the microspherical agglomerates of α-MnO 2 needles having larger Au particles. This indicates a stronger interaction between Au and the MnO 2 support is the former case, which decreases the reduction temperature. This result supports previous models that smaller Au particles produce stronger Au-support interactions and result in a greater total length of interfacial perimeter between Au and the oxide support, which allows for more effective CO adsorption and fast surface reduction with oxygen species that are provided by the support. [44, 45] 
Conclusions
Polymorphs of MnO 2 with different morphologies were hydrothermally synthesised by reacting nanowires were produced at longer crystallization times. Au nanoparticles were supported on these various nanostructured MnO 2 supports using SI, DP and IM methods and were tested for benzyl alcohol oxidation and CO oxidation. For benzyl alcohol oxidation, the SI derived catalysts exhibited the best catalytic performance, compared to the other methods. Furthermore absolute activity of SI catalysts were found to be dependent on the support crystallization time, with those having Au supported on α−MnO 2 nanowires self-organised into microspherical agglomerates being the most active for benzyl alcohol oxidation as opposed to Au supported on more isolated β-MnO 2 nanowires.
For CO oxidation, catalysts prepared by the DP method displayed the best activity. These DP derived catalysts were found to be more active than those prepared by the water-treated SI method, with both being more active than those from the untreated SI method. This was predominantly ascribed to the considerably smaller size of Au nanoparticles produced by the DP method. Furthermore, for CO oxidation, the water-treated SI catalysts show an improved performance compared to the untreated SI materials due the removal of the shell of PVA ligands that cover the Au particles. The effect of the morphology and structure of the support on the activity towards CO oxidation was also investigated. It was found for all catalysts, regardless of their synthesis method, that the β-MnO 2 nanowires catalysts were preferred for CO oxidation due to the better stability of small Au nanoparticles. This confirmed an essential requirement for this reaction, that a stronger Au-MnO 2 interaction gives better performance towards CO oxidation. Furthermore, the surface of the β-MnO 2 nanowire catalyst supports were easily reduced, as confirmed by H 2 -TPR, due to the strong Au-MnO 2 interaction facilitating the dual adsorption of CO and the surface reduction with oxygen species provided by the support. In summary ,the best catalysts for the oxidation of benzyl alcohol came from SI preparation methods on supports consisting of microsphere agglomerates of α-MnO 2 needles, whereas for CO oxidation catalysts the DP preparation method was preferred in combination with more isolated nanowires of β-MnO 2 .
Figure and Table Captions   Table 1 Surface area and average pore size for MnO 2 (support) and 1% Au/MnO 2 (SI catalyst) materials. Table 2 Oxidation of benzyl alcohol over 1% Au/MnO 2 -12h catalysts prepared by different synthesis methods. Table 3 Oxidation of benzyl alcohol over the entire series of sol-immobilised 1% Au/MnO 2 catalysts.
Table 4
Time online data for benzyl alcohol oxidation over the SI Au/MnO 2 -12h catalyst. Table 5 Catalyst reuse data for benzyl alcohol oxidation over the SI Au/MnO 2 -12h material. Representative TEM micrographs and the corresponding Au particle size distributions for: (a, a1) SI Au/MnO 2 -96h, and (b, b1) DP Au/MnO 2 -96h.
Figure 10
Representative TEM micrographs and the corresponding Au particle size distributions for: (a, a1) SI Au/MnO 2 -12h, and (b, b1) DP Au/MnO 2 -12h. (NB. The latter PSD (b1) was derived from measurements on electron backscatter images acquired in the SEM). 
